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ABSTRACT
The abundance of oxygen in galaxies is widely used in furthering our understanding of galaxy
formation and evolution. Unfortunately, direct measurements of O/H in the neutral gas are extremely
difficult to obtain as the only O i line available within the HST UV wavelength range (1150–3200 A˚)
is often saturated. As such, proxies for oxygen are needed to indirectly derive an O/H via the
assumption that solar ratios based on local Milky Way sight lines hold in different environments. In
this paper we assess the validity of using two such proxies, P ii and S ii, within more typical star-
forming environments. Using HST-COS FUV spectra of a sample of nearby star-forming galaxies and
the oxygen abundances in their ionized gas, we demonstrate that both P and S are mildly depleted
with respect to O and follow a trend, log(P ii/S ii) = −1.73 ± 0.18, in excellent agreement with
the solar ratio of log(P/S) = −1.71 ± 0.04 over the large range of metallicities (0.03–3.2 Z)
and H i column densities (log[N(H i)/cm−2] = 18.44–21.28) spanned by the sample. From literature
data we show evidence that both elements individually trace oxygen according to their respective
solar ratios across a wide range of environments. Our findings demonstrate that the solar ratios of
log(P/O) = −3.28 ± 0.06 and log(S/O) = −1.57 ± 0.06 can both be used to derive reliable O/H
abundances in the neutral gas of local and high-redshift star-forming galaxies. The difference between
O/H in the ionized- and neutral-gas phases is studied with respect to metallicity and H i content.
The observed trends are consistent with galactic outflows and/or star-formation inefficiency affecting
the most metal-poor galaxies, with the possibility of primordial gas accretion at all metallicities.
Subject headings: galaxies: ISM – galaxies: starburst – ISM: abundances – ultraviolet: ISM
1. INTRODUCTION
Oxygen is one of the most abundant elements in the
Universe and is of prime importance in understanding
the chemical evolution of galaxies. Its nucleosynthesis is
well known and its abundance is therefore widely used to
estimate the metallicity of different Galactic and extra-
galactic ISM gas phases. In particular, oxygen has been
extensively investigated to derive H ii region metallici-
ties as it has several strong emission lines in the optical
rest frame. However, constraining the oxygen content
in the neutral gas of a galaxy through UV absorption
line studies can be challenging. Within the UV wave-
length range covered by HST (∼1150–3200 A˚), at low
redshift the most easily observed O i absorption lines
are at 1302 A˚ and 1355 A˚; the former is usually heavily
saturated whilst the latter is usually too weak to be seen.
This challenging scenario often forces us to rely on a
selection of elements that can, in principle, be used as
proxies for oxygen. The most suited elements for this
purpose are the ones that can trace oxygen, i.e., ele-
ments that (1) deplete onto dust in a similar way to
oxygen, and (2) have the same nucleosynthetic origin as
oxygen. The extent of an element’s depletion onto dust
grains is largely governed by the condensation temper-
ature of that element. Oxygen (along with carbon and
nitrogen) has a relatively low condensation temperature
(Tc = 182 K, Lodders 2003)which prevents it from de-
pleting easily onto dust grains. Conversely, refractory el-
ements (e.g., silicon with Tc = 1529 K, Lodders 2003) can
be largely depleted onto dust grains. Suitable oxygen-
proxy candidates should therefore have a low condensa-
tion temperature and also be α elements, i.e., those that
arise from the same α-capture production processes as
oxygen.
The element traditionally used as a proxy to oxygen
is sulphur (e.g., Pettini et al. 2002; Battisti et al. 2012;
Berg et al. 2013b). Below 3200 A˚, the singly ionized
form of sulphur (S ii) is detected through a triplet at
1250.6, 1253.8, and 1259.5 A˚. Like oxygen, sulphur has
a relatively low condensation temperature (Tc = 704 K,
Lodders 2003) and is an α element (however see also
Matteucci & Chiappini (2005) for possible non-negligible
production of S by SNe Ia). While oxygen shows mild
dust depletion characteristics (Savage & Sembach 1996),
we are still unaware as to the true refractory nature of
sulphur (see Calura et al. 2009a, for a review). In some
environments, e.g. the cold ISM of the Milky Way, sul-
phur has a depletion of 0.0–0.2 dex (Sembach et al. 2000),
while models of dark interstellar clouds suggest higher
depletions by 2–3 orders of magnitude (Scappini et al.
2003). However, since dust depletion can strongly de-
pend on the star-formation history of a system, the deple-
tion level of sulphur in star-forming galaxies is currently
unknown and we hope to address it in this paper. In
addition to this, ionization corrections for S ii are found
to be negligible when log[N(H i)/cm−2] & 20.5 and gas
metallicities are sub-solar (James et al. 2014, J14 here-
after). S ii can, however, suffer from saturation. In a
recent study of 243 sight lines in the Milky Way (MW),
Jenkins (2009) (J09 hereafter) found only 9 unsaturated
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TABLE 1
Logarithmic Column Densities of H i, O i, P ii, & S ii within the Sample
Galaxy log[N(H i)] log[N(O i)] log[N(P ii)] log[N(S ii)]
I Zw 18 21.28 ± 0.03 > 14.80 . . . 14.72 ± 0.05
SBS 0335−052 21.70 ± 0.05 > 14.77 12.96 ± 0.15 14.96 ± 0.03
SBS 1415+437 21.09 ± 0.03 > 14.87 13.41 ± 0.08 14.94 ± 0.03
NGC 4214 21.12 ± 0.03 > 15.25 13.74 ± 0.04 15.55 ± 0.03
NGC 5253-Pos.1 21.20 ± 0.01 > 15.44 13.73 ± 0.08 15.43 ± 0.02
NGC 5253-Pos.2 20.65 ± 0.05 > 15.31 13.60 ± 0.12 15.33 ± 0.04
NGC 4670 21.07 ± 0.08 > 15.26 13.80 ± 0.05 > 15.58
NGC 4449 21.14 ± 0.03 > 15.54 14.09 ± 0.09 15.60 ± 0.09
NGC 3690v1 20.62 ± 0.02 > 15.48 . . . 15.39 ± 0.05
NGC 3690v2 19.81 ± 0.08 > 14.84 . . . . . .
M83-Pos.1 19.59 ± 0.32 . . . 13.84 ± 0.26 15.39 ± 0.25
M83-Pos.2 < 18.44 . . . < 13.73 < 15.39
Notes: All column densities refer to ICF-corrected values.
S ii lines.
There is one other suitable oxygen-proxy candidate
at our disposal within the UV wavelength range:
phosphorus. The dominant ionization stage of P in the
neutral medium is P ii. Several P ii lines lie within
the HST UV wavelength range, the strongest being at
1152 A˚ and 1301 A˚. However phosphorus is not an α
element, unlike oxygen and sulphur. It is believed to
be a neutron-capture element, probably formed in the
carbon and neon burning shells during the late stages
of the evolution of those same massive stars that form
α elements (Arnett 1996; Cescutti et al. 2012). The
phosphorus produced in this way is then released by the
explosion of these massive stars as type II SNe. Accord-
ing to Woosley & Weaver (1995), no significant amount
of phosphorus is expected to be synthesized during the
explosive phases. Phosphorus’ relatively high condensa-
tion temperature (Tc = 1248 K, Lodders 2003) suggests
that it should be more heavily depleted. Despite this, in
studies of the ISM towards stars within the MW it has
been shown that P ii is not depleted along sight lines
containing predominantly warm low-density neutral
gas (Jenkins 1986) or diffuse neutral gas (Lebouteiller
et al. 2005, L05 hereafter). Using ten unsaturated
P ii measurements towards local stars combined with
several Galactic and extragalactic sight lines (all with
log[N(H i)/cm−2] ≥ 20.94), L05 found that P ii and O i
column densities relate to each other in solar P/O pro-
portions (i.e., no differential depletion of P ii and O i),
suggesting that phosphorus could be a suitable tracer
of oxygen in extragalactic regions. Contrary to this,
J09 found that phosphorus depletes onto dust grains
more rapidly than oxygen in the MW, a more metal-rich
environment. With regards to stellar abundances,
there have been very few measurements for phosphorus,
namely because P i or P ii lines are absent in the ordi-
nary wavelength range of stellar spectra. However, in a
recent study using high-resolution infrared spectroscopy
of cool stars in the Galactic disk, Caffau et al. (2011)
found that the ratio between phosphorus and sulphur
is roughly constant with metallicity and consistent with
the solar value (see also Jacobson et al. 2014, for a more
recent analysis of phosphorus abundances from the NUV
spectra of a sample of 13 more metal-poor cool stars).
Since the majority of data concerning the relative
depletions of S and P with respect to O, arises from sight
lines within the local ISM, it is unclear whether these
relationships only hold within similar environments,
i.e., intermediate–solar metallicities1 and relatively high
column densities (log[N(H i)/cm−2] & 20). This of
course presents a serious problem as we enter an era
where the improved sensitivity of instruments enables
increasing access to the high-resolution rest-frame UV
spectra of high-z galaxies, and the need to invoke proxies
for oxygen in environments that are rather different to
the Milky Way becomes more frequent. Moreover, if we
were to compare chemical abundances across different
gas phases, we would most benefit by constraining O/H
from the neutral gas absorption line profiles because of
the common use of oxygen as metallicity indicator within
the nearby universe. As of now, when comparing metal-
licities across cosmic time, high-z observations are often
forced to rely on elements that have a different nucleosyn-
thetic origin to oxygen (e.g., Fe/H, Lilly et al. 2003). In
this paper we aim to offer a solution to the problem of as-
sessing oxygen abundances in the neutral gas by demon-
strating the reliability of sulphur and phosphorus as
proxies for oxygen across a range of galaxy environments.
2. DATA ANALYSIS (AN OVERVIEW)
The data utilized within this paper originate from a se-
ries of publications regarding an investigation of nearby
star-forming galaxies (SFGs) using HST -COS (PID:
11579, PI: Aloisi). The project involved 26 orbits of COS
spectroscopy with the G130M grism at λc=1291 A˚. The
sample of SFGs contains a range of galaxy types (i.e.,
blue compact dwarfs, mergers, and spirals), with oxygen
metallicities of ∼ 0.03–3.2 Z and distances of ∼ 3–
54 Mpc. Full details of the targets, observations, data
reduction, and analysis techniques can be found in J14.
Table 1 lists the column densities of H i, O i, P ii, and
S ii measured within each galaxy’s spectrum. H i col-
umn densities were measured from the Lyα profile and
are in the range log[N(H i)/cm−2]∼ 18.4–21.7 . Overall,
column densities for O i and P ii were measured using
O i λ1302 and P ii λ1152, while for S ii the triplet
λλλ1250, 1253 and 1259 was used. A description of the
specific lines used for each galaxy and pointing can be
found in J14, along with their corresponding line profiles
and a full description of the assessment of saturation.
Ad-hoc photoionization models specific to the metal-
licity and H i column density of each galaxy were used by
1 We define metallicity as 12+log(O/H), where O/H refers to the
oxygen abundance of the ionized gas. In this scale the solar metal-
licity corresponds to 12+log(O/H) = 8.69 ± 0.05 (Asplund et al.
2009, A09 hereafter).
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Fig. 1.— Left panel: metallicity vs. N(H i); middle-panel: metallicity vs. N(P ii) and N(S ii) (open and filled symbols); right-
panel metallicity vs. [P/O] and [S/O] (open and filled symbols), where [X/O] = log(X/O)− log(X/O) and oxygen abundances refer to
the ionized-gas metallicities listed in Table 2. Black and red dashed lines represent weighted mean ratios of [P/O]= −0.22 ± 0.33 and
[S/O]= −0.27± 0.22, respectively (excluding limits), and dotted lines represent the ±1σ values.
J14 to estimate ionization correction factors (ICFs) to
account for both classical ionization and contamination
of ionized gas along the line of sight. For O i, S ii, and
P ii, ICFs were found to be negligible for almost all
galaxies, i.e., each of these ions was found to be the dom-
inant ionization stage of the species within the neutral
gas and was found not to be present within the ionized
gas. The two exceptions are M83-Pos.1 and NGC 3690v2,
where ICF corrections are ∼ 0.15–0.24 dex for both P ii
and S ii , and ∼ 0.01–0.03 dex for O i, mostly due to
their high metallicities and the relatively low H i column
densities. All column densities listed in Table 1 and
used hereafter have been corrected for ionization using
the total ICF values listed in J14 (their Table 8). Model
ICF values were unobtainable for M83-Pos.2 due to its
exceptionally low H i column density, and we therefore
use only upper limit column densities throughout.
3. RESULTS
3.1. Column density trends with metallicity
The first two panels of Fig. 1 show column densities of
H i, S ii, and P ii against metallicity (Table 2). These
plots illustrate the wide range in metallicity and H i col-
umn density covered by our sample, and show that clear
relationships exist between the metallicity and column
density of each species.
Firstly, the anti-correlation between metallicity and
N(H i) is clearly apparent: the object with the low-
est H i column density (M83) lies at ∼ 3 Z and the
objects with the highest H i column density (I Zw 18
and SBS 0335−052) lie well below Z. Secondly, as
the metallicity of the ionized gas increases, so do the
column densities of the S ii and P ii ions up until
12+log(O/H)∼8 before reaching a plateu.
The final panel of Fig. 1 shows the [P/O] and [S/O]
abundance ratios in the neutral gas against metallicities
in the ionized gas. The O abundances of the neutral
gas have been taken from the ionized gas metallicities
given in Table 2 assuming that the two gas phases are
homogeneus. Since O, P, and the majority of S are all
produced by the same massive stars (Jacobson et al.
2014), and ionization corrections are minimal for P ii
and S ii, this plot sheds light on the refractory nature of
P and S. It can be seen that for the majority of cases,
both elements show mild depletion (no depletion is also
consistent within the errors) relative to O (which is a
mildly depleted element), with a combined average of
−0.25 ± 0.39 dex (upper limits excluded) and no signif-
icant trend with metallicity, suggesting that both P and
S are mildly refractory elements in star-forming systems.
The two exceptions to this are SBS 0335−052 and M 83,
two systems at the extreme ends of metallicity and H i
column density covered by our sample.
The increased [P/O] and [S/O] ratios in M 83 may sig-
nify that the elements in question do have differential
depletion effects, which become more apparent at high-
metallicity due to an increased dust-to-metal ratio. This
effect has been seen in Damped Lyman Alpha systems
(DLAs) (De Cia et al. 2013) and super-solar galaxies
(Brinchmann et al. 2013), where the dust-to-metal ratio
increases as a function of metallicity. Whilst on the other
hand, γ-ray burst afterglow hosts appear to contradict
both these findings, with metallicity-independent and
constant dust-to-metal ratios (Zafar & Watson 2013).
If the former was indeed true here, and if O depletes
more easily onto dust grains than P or S, then we would
expect increased ratios for M 83, and perhaps even de-
creased ratios for SBS 0335−052. As such, studies of
the kind presented here can, in theory, help provide in-
sight into this controversial topic by extending the num-
ber of targets at both ends of the metallicity scale and
assessing the role of differential depletion between the
elements. However, it should also be noted that calcula-
tions of ionised gas abundances at high-metallicity using
the direct method (as is the case here for M83) are very
difficult and consequently have uncertainties which can
be largely underestimated. Given this fact, we feel that
the apparent increase in depletion at high-metallicity is
not significant within the uncertainties and should not
be over-interpreted in this particular case.
3.2. A solar relationship?
As discussed previously, the use of certain elements as
tracers for oxygen stems from the relationships observed
between those elements and oxygen mostly within the
Galactic neighborhood. In order to directly see one of
these relationships, in the left panel of Fig. 2 we plot the
column densities of P ii as a function of O i using values
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from J092 (measured from 243 sight lines within the
MW) and from L05 (towards Galactic stars measured
within their study or compiled from the literature).
Also shown in the same panel are the O i and P ii col-
umn densities measured for local (0.083 < zabs < 0.321)
DLAs from Battisti et al. (2012)3, and high-z DLAs
from Dessauges-Zavadsky et al. (2004, 2006). Despite
the fact that our literature O and P data compilation
covers different environments, ranging from the local
solar-metallicity neighborhood of MW sight lines, to
metal-poor high-z DLA systems, it can be seen that
all points lie roughly along the solar P/O ratio4.
From these literature data, and excluding those val-
ues that are limits, we find the error-weighted mean
ratio of log (P ii/O i) = −3.30 ± 0.24 (blue solid line
with the ± 1σ errors indicated as blue dashed lines),
which is in good agreement with the solar ratio of
log (P/O) = −3.28 ± 0.06 (green solid and dashed
lines). Data from our sample (J14) are also plotted in
the left panel of Fig. 2 (red solid circles). However, due
to the lower limits of the O i column densities, it was
not possible to calculate a mean ratio from this sample.
We also determined whether P ii and S ii follow
a solar ratio within local SFGs. The middle panel of
Fig. 2 shows the column density of P ii versus that
of S ii within our sample (red solid circles) along
with the error-weighted mean column density ratio of
log (P ii/S ii) = −1.73 ± 0.18 (red solid and dashed
lines), which is in good agreement with the solar ratio
of log (P/S) = −1.71± 0.04. Regarding dust depletion,
the fact that P and S trace each other within these
star-forming systems also suggests that both elements
have similar refractory properties over a wide range
of metallicities and H i column densities. Indeed, we
have seen from Fig. 1 that both of these elements have
a similar behaviour compared to the mildly depleted
oxygen, i.e., both P and S show a mild affinity to dust.
Also included in the middle panel of Fig. 2 are the S ii
and P ii column densities of the local and extra-galactic
ISM by L05 as well as a couple of MW sight lines from
J09 (due to the high-column densities involved, S ii was
saturated in most targets of this sample), along with
high-redshift (Dessauges-Zavadsky et al. 2004, 2006)
and low-redshift (Battisti et al. 2012) DLAs. When we
include all (non-limit) measurements from the literature,
we find a mean ratio of log (P ii/S ii) = −1.80 ± 0.26,
which is again in agreement with the solar ratio5. This
result is in agreement with Caffau et al. (2011), where
the [P/S] ratio was found to be roughly constant within
0.1 dex in 20 cool stars of the Galactic disk (see their
2 Whilst the lines used for N(P ii) and N(S ii) are not explicitly
listed by J09, strict censorship rules were employed to ensure that
saturated lines were not included within the sample.
3 For each comparison sample, column densities resulting from
saturated profiles are shown as lower limits. For the Battisti et al.
(2012) sample, upper limits refer to undetected lines and were de-
rived from a 3σ upper limit on the equivalent width, assuming the
line is on the linear part of the curve of growth.
4 J09 found that in fact phosphorus depletes onto dust grains
more rapidly than oxygen, as demonstrated in their paper by an
oxygen depletion slope that is considerably less than that of phos-
phorus. However, the left panel of Fig. 2 shows that P and O are
still in a solar ratio in the MW sight lines probed by J09.
5 For reference, J09 found the slope of sulphur depletion to be
in agreement with that of phosphorus within the uncertainties.
Fig. 4), implying that P and S are produced in the
same relative amounts over the −1.0 < [Fe/H]< +0.3
metallicity range considered.
Unfortunately, due to saturation issues affecting both
S and O, the plot of N(S ii) versus N(O i) for MW sight
lines, ISM of local SFGs, and DLAs, is rather unavailing
(right panel of Fig. 2). However, we can assess the rela-
tionship between S and O in stars with T ∼ 5000–6500 K
(Nissen et al. 2007; Berg et al. 2013b), and ionized
gas within local metal-poor SFGs (Izotov et al. 2006;
Lo´pez-Sa´nchez & Esteban 2010) and spiral galaxies (e.g.,
Berg et al. 2013a). This relationship is found to be solar
in each of these studies (log(S/O) = −1.57 ± 0.06).
This is of course as expected since both S and O are
α-capture elements and therefore evolve in parallel in
the ISM from the time they are produced in stars until
they are ejected and well mixed into the ISM.
To summarize, P ii and S ii follow a solar ratio in our
sample of nearby SFGs, similarly to what happens for
a compilation of literature data representing a variety
of environments. This is somewhat expected, since
sulphur and phosphorus are both products of massive
stars (even though they have different nucleosynthetic
origins) and since these two elements show a similar
mild dust affinity in our sample of star-forming galaxies.
If we combine this result with the fact that P ii and
O i follow a solar ratio in the same literature sample,
we can conclude that both P ii and S ii can indeed be
used as proxies for oxygen in a variety of environments,
including in the neutral gas of our nearby SFGs.
4. DISCUSSION AND CONCLUSIONS
Based on the above findings, we can now obtain O
abundances for our sample of SFGs by using P and
S column densities and applying the P/O and S/O
solar ratios. In Table 2 we list OP /H and OS/H which
represent O/H calculated by using P and S as proxy,
respectively. We also list the mean O abundance derived
from both values, 〈log(O/H)〉, and its value with respect
to the solar abundance, [O/H]HI . For comparison, we
also list [O/H]HII , the ionized gas abundances from the
values 12+log(O/H)HII measured from emission-line
spectroscopy. The last column of Table 2 reports
the [O/H]HII−[O/H]HI values as calculated from the
previous quantities. Excluding limits, the mean differ-
ence between ionized- and neutral-gas abundances is
〈[O/H]HII−[O/H]HI〉 = 0.20±0.23. This means that by
adopting the proxies here described for the neutral gas
of our SFGs we can recover the O abundances of their
ionized gas within a factor of 2, independently of whether
the scatter is intrinsic to the sample or not. The small
scatter in the distribution of the difference between the
two gas phase abundances can be clearly seen in the left-
hand panel of Fig. 3, where we plot [O/H]HII−[O/H]HI
as a function of metallicity. Such small offsets in the O
abundances of the neutral and ionized gas of our sampled
SFGs should not be taken for granted, but rather as in-
dication that the gas appears to be relatively well mixed
across a wide range in gas metallicities. For an in-depth
discussion of this issue, we refer the reader to Paper II
of our COS analysis series (Aloisi et al., in prep).
In the right-hand panel of Fig. 3 we explore the O
abundance offset further by plotting [O/H]HII−[O/H]HI
as a function of H i column density. Here there appears
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Fig. 2.— Relationship between P ii, O i, and S ii column densities within local SFGs (red dots; J14). Also shown (black symbols) are
those measured from MW sight lines (Jenkins 2009; Lebouteiller et al. 2005) and DLAs (Dessauges-Zavadsky et al. 2004, 2006; Battisti
et al. 2012). Left panel: blue line represents weighted mean ratio between the compilation of O i and P ii column densities (excluding
limits) of log(P ii/O i) =−3.30 ± 0.24; green line represents solar ratio of log(P/O) = −3.28 ± 0.06 (A09); black dot-dash lines represent
upper and lower limits of log(P/O) derived from maximum and minimum depletions along the sight line in J09. Middle panel: red line
corresponds to weighted mean ratio of log(P ii/S ii) = −1.73 ± 0.18 measured from the J14 sample; blue line represents weighted mean
ratio of log(P ii/S ii) = −1.80 ± 0.26 from literature values; green line represents solar ratio of log(P/S) = −1.71 ± 0.04 (A09). Right
panel: green line represents solar ratio of log(S/O) = −1.57± 0.06 (A09). In each case, dashed lines represent the ±1σ values.
TABLE 2
Oxygen abundances derived from phosphorus and sulphur column densities
Galaxy log(OP /H) log(OS/H) 〈log(O/H)〉 [O/H]HI 12+log(O/H)HII [O/H]HII [O/H]HII−[O/H]HI
I Zw 18 . . . −4.99 ± 0.08 −4.99 ± 0.08 −1.68 ± 0.09 7.2 −1.49 +0.19 ± 0.09
SBS 0335−052 −5.46 ± 0.17 −5.17 ± 0.08 −5.22 ± 0.07 −1.92 ± 0.09 7.3 −1.39 +0.53 ± 0.09
SBS 1415+437 −4.40 ± 0.10 −4.58 ± 0.07 −4.52 ± 0.06 −1.21 ± 0.08 7.6 −1.09 +0.12 ± 0.08
NGC 4214 −4.10 ± 0.08 −4.00 ± 0.07 −4.04 ± 0.05 −0.74 ± 0.07 8.2 −0.49 +0.25 ± 0.07
NGC 5253-Pos.1 −4.19 ± 0.10 −4.20 ± 0.06 −4.20 ± 0.05 −0.89 ± 0.07 8.2 −0.49 +0.40 ± 0.07
NGC 5253-Pos.2 −3.77 ± 0.14 −3.75 ± 0.09 −3.76 ± 0.08 −0.45 ± 0.09 8.2 −0.49 −0.04 ± 0.09
NGC 4670 −3.99 ± 0.11 > −3.92 −3.99 ± 0.11 −0.68 ± 0.12 8.2 −0.49 +0.19 ± 0.12
NGC 4449 −3.77 ± 0.11 −3.97 ± 0.11 −3.87 ± 0.08 −0.56 ± 0.09 8.3 −0.39 +0.17 ± 0.09
NGC 3690v1 . . . −3.66 ± 0.08 −3.66 ± 0.08 −0.35 ± 0.09 8.8 +0.11 +0.46 ± 0.09
NGC 3690v2 . . . . . . . . . . . . 8.8 +0.11 . . .
M83-Pos.1 −2.47 ± 0.42 −2.63 ± 0.41 −2.55 ± 0.29 +0.76 ± 0.29 9.2 +0.51 −0.25 ± 0.29
M83-Pos.2 < −1.43 < −1.48 < −1.46 < +1.86 9.2 +0.51 > −1.35
Notes: [O/H]= log(O/H)− log(O/H). Average oxygen abundance [O/H]HI refers to weighted mean 〈log(O/H)〉, except for cases where only one
non-limited value exists. 12+log(O/H)HII and [O/H]HII values refer to ionized-gas metallicities (see Table 1 in J14).
to be a positive relationship between increasing N(H i)
and the abundance offset between the two phases. This
is in-fact a reflection of the trends shown in Fig. 1, where
in systems with 12+log(O/H)&8, the amount of P and S
(and therefore O) does not change, while there is a strong
decrease in H i, thereby increasing the overall value of
O/H in the neutral phase. The opposite can also be
said for low-metallicity systems, where the combination
of a decrease in P, S, and therefore O and an increase
in N(H i), leads to lower values of O/H in the neutral
phase.
As such, Fig. 3 may help shed light on the origin of
metal-poor gas within low-mass, star-forming systems.
Several physical processes have been suggested and em-
ployed by chemical evolution models, to explain/achieve
metal-poor gas content within such systems: (i) increas-
ing the rate of pristine gas accretion (Dalcanton 2007);
(ii) an increased efficiency of metal ejection (e.g. Dekel
& Silk 1986; Spitoni et al. 2010) via strong metal-rich
outflows from their low gravitational potential; or (iii)
having low-mass galaxies form their stars more slowly
and therefore enrich their ISM at a slower rate than high
mass galaxies (i.e. ‘downsizing’, see e.g. Thomas et al.
2005; Recchi et al. 2009). We discuss each of the scenar-
ios in the following paragraphs:
Infalling H i gas has been observed in several metal-
poor dwarf galaxies (e.g. Lelli et al. 2014; Sa´nchez
Almeida et al. 2014, and references therein) and is an im-
portant mechanism for triggering star-formation within
these systems and causing chemical inhomogeneities.
However, it is often difficult to distinguish whether the
extended H i structures are due to cold gas accretion
from the intergalactic medium or because of a recent in-
teraction/merger. Indeed, Lelli et al. (2012) and Lelli
et al. (2014) interpret the H i morphology of I Zw 18 as
being due to an interaction/merger between two gas-rich
dwarfs rather than H i gas accretion.
Metal enhanced outflows have been confirmed both
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theoretically (e.g., Recchi 2014) and observationally (e.g.,
Martin et al. 2002). Such galactic winds in low-mass
galaxies can have a large effect due to their shallow grav-
itational potential wells, removing freshly produced met-
als and leaving behind a unenriched ISM, in both the
neutral and ionized phases (e.g., D’Ercole & Brighenti
1999).
Downsizing, where low-mass (and hence low-
metallicity) galaxies have a lower star-formation
efficiency (SFE) than high-mass systems (where
SFE=SFR/Mgas, where Mgas = MHI + MH2 and
SFR=star-formation rate), has been suggested by
studies such as Lequeux et al. (1979); Matteucci (1994);
Calura et al. (2009b). In this scenario, a smaller fraction
of their gas has been turned into stars as a function
of time, hence the lower levels of metal enrichment
and larger reservoirs of H i gas in low mass systems.
Indeed, the effects of less efficient star-formation are
commonly seen in the stellar abundances of local dwarf
galaxies, where the decline in the α/Fe ratio due to
Type Ia SNe starts at lower metallicities than large
spiral galaxies such as the Milky Way, e.g. (Tolstoy
et al. 2009; Sku´lado´ttir et al. 2015).
Upon inspection of Fig. 1 it appears that all scenarios
are at play within these systems and whilst we cannot
favor one fully over another, we may be able to discern if
some processes are more effective than others at certain
metallicities. Firstly, from the left panel we see that the
column density of HI changes by∼4 dex continuously as a
function of metallicity over the range of metallicities sam-
pled here. On the other hand, the middle panel of Fig. 1
shows that the column densities of S and P increase as a
function of metallicity up until 12+log(O/H)∼8, where
they then plateau, with an overall change of .0.5 dex
and .1 dex, respectively. In other words, the most metal
rich galaxies have the same amount of metals, despite
having a lower H i gas and higher total mass (as indi-
cated by their higher metallicity), which cannot be ex-
plained by increased star-formation efficiency or galac-
tic outflows. This suggests that if these two processes
are at play, they mostly affect the most metal-poor (i.e.
12+log(O/H).8), low-mass systems. This of course,
could be in addition to increased accretion at low metal-
licity, which by itself could easily explain the decrease
in H i gas and increase in metallicity across the entire
metallicity range (Fig. 1, left-panel). In order to prop-
erly disentangle these affects, we would require additional
information concerning the star-formation histories and
full chemical abundances of each system, which is outside
the scope of this study.
As we have now established that both S and P are reli-
able tracers of O in the neutral ISM, a question remains
as to whether circumstances exist where one proxy is
more suitable than the other. This can be evaluated via
the properties of each species. Firstly, their affinity to be-
come saturated can be assessed using the curve of growth
(COG), which plots log (N × f × λ) against log (W/λ)
(where N = column density, f = oscillator strength,
λ= wavelength, and W = equivalent width) - i.e., the
location of an absorption line along the COG can reveal
whether or not the line is saturated (see, e.g., J14). Both
P ii λ1152 and the weakest of the S ii triplet, S ii λ1250,
fall on the same part of the COG. Using the column
densities of Table 1, for P ii λ1152 and S ii λ1250 (with
f = 2.361× 10−1 and f = 5.453× 10−3, respectively; see
Morton 1991), we obtain averages of log(Nfλ) = 8.171
and 8.174, respectively. As they lie so close on the
COG, there would be few circumstances when one would
become saturated without the other. It should be noted
that while P ii λ1301 lies slightly lower on the COG
(f = 1.271×10−2, giving log(Nfλ) = 6.957 on average),
the line is heavily contaminated with O i λ1302 and
therefore unusable. The third P ii line within the HST-
UV wavelength range, P ii λ1532, is ∼ 30 times fainter
than P ii λ1301 and therefore not easily detected. If only
one or both of the other S ii triplet lines are available
instead of S ii λ1250, then there will be cases where
S ii is saturated and P ii is not; e.g., this is the case for
NGC 4670 in all the sight lines studies within J14.
With regards to their wavelength, having only ∼100 A˚
separation between P ii λ1152 and S ii λ1250 means that
they are both readily accessible within the FUV spec-
trum and cases where only S ii or P ii is available would
be most likely rare (unless one of the two is blended, e.g.,
with a MW absorption). On the other hand, this does
mean that the observer will benefit from two oxygen-
proxy elements within a single spectrum, thereby provid-
ing a more accurate oxygen abundance determination.
A small difference does exist between the ionization
potentials of P ii (19.76946 eV) and S ii (23.33788 eV)
(Morton 2003). As such, environments may exist where
the strength of the ionizing source may affect one species
more than another, e.g., along sight lines that have low
H i column density. In such cases, P ii would be more
easily ionized than S ii and a larger portion of P would
exist as P iii in the ionized gas. This could of course
be corrected for by applying adequate ICFs (as seen in
Table 8 of J14).
Overall it can be seen that both P ii and S ii
can provide a mean for deriving accurate oxygen
abundances in the neutral ISM of SFGs. Using our
sample of local SFGs (J14), we have demonstrated
that both P and S show minimal depletion with re-
spect to O, suggesting that both elements are mildly
refractory elements in star-forming systems. We
have also shown that P/S follows the solar ratio of
log(P/S) = −1.71 ± 0.04 across the wide range of
H i column densities (log[N(H i)/cm−2] = 18.44–21.28)
and metallicities (0.03–3.2 Z) of our sample, with
an average of log(P ii/S ii) = −1.73 ± 0.18. We have
additionally demonstrated from the literature that ratios
of log(P ii/S ii) = −1.80 ± 0.26 and log(P ii/O i)=
−3.30 ± 0.24 for sight lines throughout a wide range of
environments, such as DLAs (similar to our sample of
SFGs) and the MW, are also in very good agreement with
solar values (log(P/O) = −3.28± 0.06). By combining
these three pieces of information with the fact that S/O
also follows the solar ratio of log(S/O) = −1.57± 0.06
in stellar abundances and the ionized gas within SFGs,
we suggest that both P and S can reliably trace O
throughout the neutral gas of typical SFGs.
In addition to this, our results show that while the
column density of metals (i.e., P, S, and therefore O)
remains constant in the neutral phase for galaxies with
12+log(O/H)&8.0, the HI column density increases with
decreasing metallicity across the whole sample, result-
ing in an overall decreased O/H abundance ratio in the
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Fig. 3.— Comparison between proxy-derived oxygen abundances in the neutral gas, [O/H]HI , and ionized-gas abundances, [O/H]HII as a
function of metallicity (left panel) and as a function of H i column density (right panel). Excluding limits, we find 〈[O/H]HII−[O/H]HI〉 =
0.20± 0.23 (represented by red solid and dashed lines). Black solid line represents 1:1 ratio.
neutral gas of systems with higher N(HI). This is consis-
tent with galactic outflows and/or low star-formation ef-
ficiency preferentially affecting low-mass galaxies, whilst
accretion of primordial gas may be affecting SFGs across
the wider metallicity range.
By covering a large range in ISM properties, and in
particular extending down to significantly low metallic-
ity, we can ensure that the application of a P/O and S/O
solar ratio to infer O from P and S can be both numerous
and widespread. In particular, the derivation of neutral
ISM oxygen abundances in high-z systems can now be
derived with a higher level of certainty, either from
using P or S, or by using the solar relationships to check
whether the measured O/H is based on a unsaturated
line or not. We hope the relations derived within this
work will aid future studies in comparing oxygen abun-
dances across different gas phases and enable oxygen
abundance measurements throughout cosmic time.
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